Abstract Connexins form channels with large aqueous pores that mediate fluxes of inorganic ions and biological signaling molecules. Studies aimed at identifying the connexin pore now include a crystal structure that provides details of putative pore-lining residues that need to be verified using independent biophysical approaches. Here we extended our initial cysteine-scanning studies of the TM1/E1 region of Cx46 hemichannels to include TM2 and TM3 transmembrane segments. No evidence of reactivity was observed in either TM2 or TM3 probed with small or large thiol-modifying reagents. Several identified pore residues in E1 of Cx46 have been verified in different Cx isoforms. Use of variety of thiol reagents indicates that the connexin hemichannel pore is large and flexible enough, at least in the extracellular part of the pore funnel, to accommodate uncommonly large side chains. We also find that that gating characteristics are largely determined by the same domains that constitute the pore. These data indicate that biophysical and structural studies are converging towards a view that the N-terminal half of the Cx protein contains the principal components of the pore and gating elements, with NT, TM1 and E1 forming the pore funnel.
Introduction
Connexins (Cxs) comprise a family of ion channels with large aqueous pores that can transmit a variety of biological signaling molecules including cyclic nucleotides, inositol 1,4,5-triphosphate (IP 3 ), ATP and, in some instances, small interfering RNAs (Evans et al. 2006; Harris 2001; Neijssen et al. 2005; Valiunas et al. 2005) . It is now evident that Cx channels function in two configurations, as gap junction (GJ) or cell-cell channels formed by the head-to-head docking of two hemichannels (connexons), and as undocked hemichannels. The latter function like conventional membrane ion channels in that they mediate transmission of signals across the plasma membrane, but the signals transmitted extend beyond small inorganic ions. Tissue-specific Cx expression (Willecke et al. 2002) and the different reported selectivity profiles of Cxs (Goldberg et al. 2004; Harris 2001; Veenstra et al. 1995; Verselis and Veenstra 2000; Weber et al. 2004) suggest that that there are differences in the pores among Cx channels that can impact significantly on which signals are selected for transmission.
An interesting feature of Cx channels that originated from early studies in cell pairs is that GJ channels gate in response to the transjunctional voltage, V j , the voltage difference between two cells, irrespective of the absolute membrane potentials that generate the V j Spray et al. 1981) . This sensitivity suggests that the gating elements that sense voltage reside in the pore. Thus, differences in the pores among Cx that impact on selectivity may also impact on gating. Conserved gating characteristics of GJ channels and undocked hemichannels indicate that there is conservation of voltage gating structures in both Cx channel configurations (Bukauskas and Verselis 2004; Verselis 2009 ).
Recently, a crystal structure of a Cx26 GJ channel was obtained at 3.5 Å resolution and shows an overall pore structure that has wide entrances at the cytoplasmic ends of the two opposed hemichannels, narrowing to a funnel shape through the transmembrane spans and then widening slightly again in the extracellular region (Maeda et al. 2009 ). The topology of a Cx subunit consists of four membrane spanning segments, TM1-TM4, with N-terminal (NT) and C-terminal (CT) domains located intracellularly and two extracellular loops, E1 and E2, connecting TM1-TM2 and TM3-TM4, respectively. In the crystal structure, the bulk of the putative pore proper, i.e. the socalled pore funnel, is formed by segments of NT, TM1 and E1 domains. The widest parts of the cytoplasmic entrances beyond the funnel are formed by parts of TM2 and TM3, which in Cx26 is rich in positively charged residues.
This assignment of NT, TM1 and E1 to the pore funnel essentially agrees with reports that preceded the crystal structure and deduced the pore configuration based on biophysical studies of gating in Cx32 and Cx26 GJ channels and substituted-cysteine accessibility studies in Cx46 and chimeric Cx32*43E1 hemichannels (Kronengold et al. 2003a; Oh et al. 2008; Purnick et al. 2000; Verselis 2009; Verselis et al. 1994; Zhou et al. 1997) . However, the charge selectivity of Cx26, which is biased towards cations, is not wholly compatible with the crystal structure and cysteine accessibility studies of Cx32 GJ channels using a cut-open oocyte preparation reported that some residues in TM1 and TM2 contributed to the cytoplasmic end of the pore with the channel in closed and open states, respectively (Skerrett et al. 2002) . The same study reported TM3 as the major pore-lining helix throughout the transmembrane span.
Given these contrasting data and the need to test the general validity of the crystal structure as representative of a functional Cx channel, we applied the substituted cysteine accessibility method (SCAM), to the entire span of TM2 and TM3 in Cx46 hemichannels to extend published data in TM1 and E1 in the same Cx. In a subset of residues we also applied SCAM to Cx50 hemichannels, a Cx that despite close primary sequence homology with Cx46, exhibits a substantially larger unitary conductance and different voltage-dependent gating properties (Srinivas et al. 2005) . We also examined unitary conductance and gating properties of a number of chimeric hemichannels composed of interchanged segments of Cx46 and Cx50 to determine whether gating and selectivity properties segregate together. We find that both the SCAM and chimeric data point to NT, TM1 and E1 domains as the core elements that constitute the Cx pore as well as the essential components necessary for voltage-dependent gating.
Materials and Methods

Construction of Cysteine Substitutions in TM2 and TM3
The rat Cx46 coding sequence was cloned into EcoRI-Hind III of pGem7zf(?) (Promega, Madison, WI) and was used as a template to construct the mutants. For construction of the TM2 Cys substitutions we introduced new restriction sites through silent mutagenesis (ApaI, PstI, SspI, SalI and AvrII) and created a new wtCx46 cassette called rCx46-M2mut. The PCR generated fragments containing the individual Cys mutations were subcloned as follows: EcoRI/SalI (F77C-Q81C), PstI (I82C-T87C), SalI/BssHII (P88C-L90C) and EcoRI/PmII (I91C-G94C). To make TM3 mutants we first introduced SalI and MscI sites by silent mutagenesis into the full length wtCx46. A SalI/ BstXI 330 bp fragment was cloned into pGem7zf(?) to make an rCx46-M3mut cassette which would allow for unique cloning sites. Mutants were generated on this cassette using PshAI/PstI (F157C-T163C), MscI/PmlI (L164C-I170C) and PstI/PmlI (A171C-F175C). Cysteine mutants were then backcloned into wtCx46. All constructs were sequenced over the restriction sites used for cloning.
Construction of Chimeras Composed of Cx46 and Cx50
The mouse Cx50 coding sequence was subcloned into the SP64T transcription vector (generously provided by Dr. Thomas White, SUNY, Stony Brook, NY). We constructed chimeras that exchanged Cx50 and Cx46 sequence. The chimeras are designated first by the parent Cx followed by the donor Cx and the sequence replaced by the donor Cx. Thus, Cx50*46NT-CL, has the NT half of Cx50, NT through CL, replaced by Cx46 sequence. The chimeras were made using PshAI and BamHI as cloning sites for the respective gel purified inserts and vectors. The domains of the two Cxs based on the alignment published in Bennett et al. (1991) Expression of Hemichannels in Xenopus Oocytes mRNA was prepared from appropriately linearized plasmid DNA with the mMessage mMachine T7 and SP6 RNA kits from Ambion (Austin, TX), according to the manufacturer's protocol. The mRNA was purified using QIAquick PCR purification columns from QIAGEN (Valencia, CA). mRNA bound to the column was eluted with 30-40 ll of an aqueous solution of DNA antisense to the endogenous XenCx38 (8 pmole/ml). We used the phosphorothioate antisense oligo 5 0 -GCT TTA GTA ATT CCC ATC CTG CCA TGT TTC-3 0 , which is complementary to XenCx38 commencing at NT -5 with respect to the ATG initiation codon. Preparation of Xenopus oocytes has been described previously (Trexler et al. 2000) . Each oocyte was injected with 50-100 nl of the mRNA/antisense solution. Injected oocytes were kept at 18°C in a standard ND96 solution containing (in mM) 88 NaCl, 1 KCl, 2 MgCl 2 , 1.8 CaCl 2 , 5 glucose, 5 HEPES, 5 pyruvate, pH adjusted to 7.6.
Preparation of Reagents
The methane thiosulfonate (MTS) reagents 2-trimethylammonioethylmethane thiosulfonate (MTSET) and 2-sulfonatoethylmethane thiosulfonate (MTSES) were purchased from Anatrace (Maumee, Ohio). 2-biotinoylaminoethylmethane thiosulfonate (MTSEA biotin) and 2-(6-biotinoylaminohexanoyl-aminoethylmethane thiosulfonate (MTSEA biotin-X) were purchased from Biotium (Hayward, CA). Aliquots of dry powder were prepared and stored in microcentrifuge tubes at -20°C. Prior to each experiment aliquots of MTSET or MTSES were dissolved in distilled water, chilled on ice, and in the case of MTSEA biotin and MTSEA biotin-X were dissolved in DMSO, to stock concentrations of 250 mM. Dilutions were made into IPS just prior to application to the desired final concentration (typically 0.5 to 1 mM). Activity of MTS reagents were periodically checked using a TNB assay (Karlin and Akabas 1998) .
Electrophysiological Recording and Analysis
Functional expression of Cys-substituted mutants was screened using two electrode voltage clamp recordings of macroscopic currents from single Xenopus oocytes using a GeneClamp 500 amplifier (Molecular Devices Corp, Sunnyvale CA). Oocytes were placed in ND96 solution and both current-passing and voltage-recording pipettes contained 1 M KCl.
For patch clamp recordings of single hemichannel currents, Xenopus oocytes were manually devitellinized in a hypertonic solution consisting of (in mM) 220 Na aspartate, 10 KCl, 2 MgCl 2 , 10 HEPES and then placed in the ND96 solution for recovery. Oocytes were then individually moved to a recording chamber, (RC-28, Warner Instruments Corp.) containing the patch pipette solution (IPS) which consisted of (in mM) 140 KCl, 1 MgCl 2 , 5 HEPES, 1 CaCl 2 , 3 EGTA, and pH adjusted to 8.0 with KOH. The bath compartment was connected via a 3 M agar bridge to a ground compartment containing the same IPS solution. After excision of patches containing single hemichannels, instrumentation offsets were manually corrected in the absence of an applied voltage. Hemichannel activity at a fixed voltage was recorded to establish a baseline current after which the compartment was perfused with freshly prepared MTS reagent. Single hemichannel I-V curves were obtained before and after MTS application by applying 8 s voltage ramps from -70 to ?70 mV. Unitary conductances plotted represent the slope conductances at V m = 0 obtained from fitted open channel I-V relations.
In all electrophysiological experiments, data was acquired with AT-MIO-16X D/A boards from National Instruments (Austin, TX) using our own acquisition software (developed by E.B. Trexler). For macroscopic currents, currents were acquired at 2 kHz and filtered at 500 Hz. For patch clamp experiments, currents were filtered at 1 kHz and data were acquired at 10 kHz.
Results
Single Channel SCAM of TM2 and TM3 with MTSET Previously we showed that the extracellular end of TM1 extending into E1 contributes to the pore in Cx46 hemichannels (Kronengold et al. 2003b) . Results of SCAM studies of substituted Cys mutants in TM2 of Cx46 hemichannels are shown in Fig. 1 . We individually substituted 18 residues, F77 through G94, which according to the original accepted membrane topology encompasses TM2 (Bennett et al. 1991) . Cysteine substitutions at three positions in Cx46 (P88, L90 and Y92) failed to produce functional hemichannel currents when expressed in Xenopus oocytes. Substitutions at three additional positions, I82, I83 and V85, resulted in poor expression, evidenced by consistently small macroscopic currents, such that single channel recordings could not be reliably obtained. At the remaining positions, cysteine substitutions produced hemichannels with near wild-type unitary conductance values. At each of these positions, application of MTSET to the bath and subsequent patching did not show any substantial changes in unitary conductance (Fig. 1 ) or in open hemichannel rectification (data not shown).
In the same way, we applied SCAM to the entire putative TM3 domain, which included residues F157 through F175 (Fig. 2) . Cys substitutions were generally well-tolerated throughout TM3 with Cys-substitutions at two positions (F165C and T163C) failing to produce functional hemichannels. As for TM2, application of MTSET did not show any substantial changes in single hemichannel properties at any of the positions. Data for the extracellular half, E166 to F175, probed with MTSET applied to extracellular and intracellular sides in excised patches was previously reported and showed no evidence of reactivity (Kronengold et al. 2003a, b) . SCAM Using a Large MTS Reagent, MTSEA Biotin-X Assignment of TM3 to the pore in studies of Cx32 GJ channels used, maleimidobutyrylbiocytin (MBB) as the thiol reagent and use of a smaller thiol reagent could potentially fail to produce significant changes in unitary conductance in a large channel. Thus, we re-examined a subset of residues in TM3 at the single hemichannel level using a large MTS reagent, MTSEA biotin-X (MW = 485). Figure 3 shows an alignment of TM3 residues in Cx32, Cx46 and Cx50. Arrows indicate the 7 positions reported to be reactive in Cx32 GJs (Skerrett et al. 2002) . We examined the corresponding positions in Cx46 hemichannels (boxed) using MTSEA biotin-X, which are Y155, I159, F161, L164, V167, F169 and A171 in Cx46. We also examined three corresponding positions in Cx50, Y158, V170 and F172 (boxed) . No substantial changes in unitary conductance upon application of this reagent were found at any of the TM3 positions in Cx46 or Cx50 hemichannels, consistent with results obtained with MTSET. In contrast, results using a large MTSEA biotin-X reagent with a cysteine substituted at identified pore-lining positions showed large effects on conductance that differed from those observed using MTSET. In the example shown in Fig. 4 , application of MTSEA biotin-X to an excised F77C  F77C  W78C  W78C  A79C  A79C  L80C  L80C  Q81C  Q81C  I82C  I82C  I83C  I83C  F84C  F84C  V85C  V85C  S86C  S86C  T87C  T87C  P88C  P88C  T89C  T89C  L90C  L90C  I91C  I91C  Y92C  Y92C  L93C  L93C  G94C  G94C  n= No substantial changes were observed at any positions. NC denotes nonfunctional hemichannels. ND-MACRO denotes residues for which there was insufficient single-channel data for characterization but macroscopic data in ND96 with 2 and 0.2 mM Ca 2? showed no reactivity. Error bars represent standard deviations; n C 8 for each mutant patch containing an F43C substitution at the TM1/E1 border of Cx50 resulted in a step-wise reduction in current that did not reverse upon wash-out of the reagent, indicative of covalent modification. The step-wise reduction in current occurred within seconds of application resulting in a final single channel current that was reduced by [90 % and displayed a very noisy, flickery behavior. Often 5 or 6 steps were discernible consistent with modification of most or all Cx subunits. In this example, 5 steps were visible and are illustrated at a higher time resolution below. These results indicate that the hemichannel pore is large enough and/or flexible enough to potentially accommodate all six biotin-X side chains. A bar graph showing the reductions in unitary current for four MTS reagents, MTSET and MTSES that differ in charge, and MTSEA biotin and MTSEA biotin-X that are large in size (Fig. 4b) . The results show a large reduction for MTSET compared to MTSES and even larger reductions for the MTSEA biotin and MTSEA biotin-X reagents consistent with both electrostatic and steric effects on ion conduction. Moreover, the same results as shown in Fig. 4 could be obtained with reagent added from either extracellular or cytoplasmic sides of the hemichannel demonstrating that this large reagent is readily permeable. No substantial changes were observed at any positions. NC denotes nonfunctional hemichannels. ND-MACRO denotes residues for which there was insufficient single-channel data for characterization but macroscopic data in ND96 with 2 and 0.2 mM Ca 2? showed no reactivity. Error bars represent standard deviations; n C 8 for each mutant Fig. 3 SCAM of select TM3 residues using a large MTS reagent shows no evidence of reactivity. Shown is an alignment of Cx32, Cx46 and Cx50 sequence from the CL/TM3 border through the proximal portion of E2. Residues indicated by arrows in Cx32 were reported to be pore-lining in Cx32 GJ channels (Skerrett et al. 2002) . Boxed residues in Cx46 and Cx50 were subjected to SCAM analysis using MTS biotin-X. These include Y155, I159, F161, V167, F169 and A171 in Cx46 and Y158, V170 and F172 in Cx50. No effects were observed at any of these positions
Molecular Determinants of Single Hemichannel Conductance and Gating Reside Within the NT Half
To assess what parts of the Cx protein are important for determining Cx-specific conductance and gating properties, we utilized Cx46 and Cx50, which possess a high degree of sequence homology (White et al. 1992 ) yet exhibit substantially different unitary conductances and voltage gating characteristics (Srinivas et al. 2005) . Unitary conductance measured as the slope conductance at V m = 0 in 140 mM symmetric KCl was *290 pS for Cx46 and *470 pS for Cx50. As far as gating, closure at negative voltages, which is mediated by one of two intrinsic mechanisms termed loop or slow gating (Bukauskas and Verselis 2004; Trexler et al. 1996) , is poorly sensitive to voltage in Cx50 when extracellular Ca 2? is chelated to sub-micromolar levels with EGTA and Mg 2? and maintained at physiological (1-2 mM) concentrations. Conversely, Cx46 hemichannels under these same conditions close steeply with voltages between -50 and -90 mV (Srinivas et al. 2005 ). Closure at positive voltages, mediated by another mechanism termed V j or fast gating (Bukauskas and Verselis, 2004 ) is similar in both Cxs, albeit somewhat more sensitive in Cx50.
We constructed chimeras to exchange domains between Cx46 and Cx50 and examined the accompanying changes in unitary conductance and gating. Data are summarized in Figs. 5 and 6. For the most part, substitution of the NT half (NT-CL) of Cx46 with Cx50 sequence (Cx46*50NT-CL) and the reciprocal chimera, Cx50*46NT-CL, produced Currents were observed at a holding current of -40 or -50 mV and are expressed as fractional currents remaining relative to those before reaction. The data represent reductions of 72 % (n = 8), 84 % (n = 5) and 93 % (n = 5) for MTSET, MTSEA-biotin and MTSEAbiotin-X, respectively and a small increase (5 %, n = 4) for MTSES hemichannels that were indistinguishable from the donor Cxs, in terms of unitary conductance (Fig. 5) . Open hemichannel rectification was also the same (not shown). Substitution of just the NT domain, to yield Cx46*50NT and Cx50*46NT chimeras (arrows), resulted in functional hemichannels with unitary conductances that were remarkably altered and closer in value to the respective donor Cxs (Fig. 5) . Cx50*46NT-E1 and Cx50*46NT-TM2 were also similar to the donor Cx46. Thus, the NT, TM1 and E1 domains appear to be sufficient to specify unitary conductance and in the case of Cx46 sequence onto Cx50, and NT appears to be most responsible for the differences in their conductances. Unfortunately, the reciprocal chimeras, Cx46*50NT-E1 and Cx46*50NT-TM2 lacked function.
For gating, substitution of NT of Cx50 with Cx46 (Cx50*46NT) had little impact on loop gating, whereas the reciprocal chimera, Cx46*50NT, had a large impact (Fig. 6) . The latter, however, appeared to open with hyperpolarizing voltages, unlike WT Cx50. The Cx50*46NT-E1 and Cx50*46NT-TM2 dramatically changed loop gating and actually made it more sensitive to voltage with faster kinetics of closure than WT Cx46. Finally, the reciprocal Cx46*50NT-CL and Cx50*46NT-CL chimeras, that exchanged domains NT through CL recapitulated the gating characteristics of the donor Cxs, Cx50 and Cx46 respectively. Thus, in order to fully reconstruct gating, sequence extending from NT and into the CL domain had to be included.
Discussion
There is now corroborating structural and electrophysiological evidence that the bulk of the Cx pore is formed by NT, TM1 and E1 domains. Our original SCAM study in Cx46 focused on TM1 and E1 domains and showed large effects on unitary conductance upon modification with MTS reagents (Kronengold et al. 2003b) . Moreover, the effects differed upon modification with the positively and negatively charged MTS reagent MTSET and MTSES, respectively, consistent with the expected electrostatic effects on ion transport in a pore that better selects for cations over anions.
Here we applied SCAM to TM2 and TM3 domains of Cx46 hemichannels and extended the study to larger MTS reagents as well as to another Cx. Given the SCAM study on Cx32 that reported TM3 in GJs to be pore-lining using MBB, a large thiol reagent (Skerrett et al. 2002) , we applied SCAM to hemichannels using a large MTS reagent with the idea that use of only smaller reagents could produce minimal effects, particularly at wider regions of the Cx pore. Using the criteria that modification must affect unitary conductance and occur with reagent added to either side of the membrane, we did not see evidence of accessibility in any of the residues in TM2 (F77-G94) or TM3 (F157-F175) . Moreover, the subset of residues reported as pore-lining in TM3 of Cx32 GJs showed no reactivity in Cx46 when probed with the larger MTS biotin-X reagent. Several residues probed in Cx50 as well, showed no reactivity. In this study, we only screened TM2 and TM3 from the outside, i.e. we applied MTS reagents to extracellular side, but the lack of any effect fulfills the criteria for exclusion from the pore. These data indicate that either there is no exposure of TM2 and TM3 domains to the pore of open Cx46 hemichannels or that modifications are occurring, even with large thiol reagents, but that they constitute silent modifications. We reason that silent modifications are unlikely to occur if a residue is in the conducting pathway because placing 6 charges, even in a wide region, should alter the concentration of mobile counterions thereby affecting unitary conductance and rectification. Also, placing sufficient bulk that nearly occludes the hemichannel pore in the narrower regions, i.e. MTSEA biotin-X, would likely have some impact on conductance, at least in the form of open hemichannel noise. However, we cannot definitively rule out that silent modifications can occur. We did not check for effects on gating, which could produce changes in macroscopic currents as a result of changes in open probability irrespective of whether or not a residue resides in the pore.
An interesting observation is that most positions in TM2 and TM3 were remarkably well tolerated by Cys substitutions with no perceptible changes in open hemichannel properties. Only a handful of Cys substitutions within these TM domains showed loss of function, which included P88C, L90C and Y92C in TM2 and T163C and F165C in TM3. P88 and nearby positions in TM2 have been shown to be important in gating via a proline-kink motif (Ri et al. 1999) and may disrupt channel function. It is unclear why T163 and F165 failed to function as hemichannels and we did not examine how these substitutions affected GJ channel function. Failure of both would suggest a more general disruption of structure, whether through changes helical structure and/or contacts with other helices. I82 and I83C in TM2 were functional, but displayed altered gating. With the exception of P88, none of these positions are associated with mutations that cause cataractogenesis. Pore residues identified in E1 of Cx46 include E43, G46 and D51. These same residues are also reacted in SCAM studies of Cx50 ), although, perhaps, not surprising given the high degree of homology between Cx46 and Cx50. However, we recently demonstrated that the one of these homologous positions in Cx26, G45, is pore-lining (Sanchez et al. 2010 ) and the G45E mutation leads to a severe form of syndromic deafness (Janecke et al. 2005; Lee et al. 2009 ). Thus, there appears to be correspondence among distantly related Cxs, as well, an indication that overall pore structure may be conserved among all Cxs, although more members of the Cx family need to be examined. Systematic comparison of differences among all pore-lining residues, once identified, could provide a basis for Cx-specific differences in conductance and selectivity. However, the principal domains contributing to the pore, although conserved among Cxs, can undergo small perturbations in structure that can impart shifts in the positions of specific residues within pore-lining segments. Complicating this view is the possibility that post-translational modifications of key residues can modulate properties independent of whether coded sequence is conserved (Kwon et al. 2011; Locke et al. 2009 ).
At identified pore lining positions in Cx46 and Cx50, such E(F)43 or G46, modifications with different MTS reagents produce different effects on open hemichannel properties consistent with a strong impact of charge as well as size. The side chain that results from modification by MTSES is bulkier that that with MTSET, yet MTSES typically produced a small increase in unitary conductance. Thus, there is a considerable electrostatic effect on ion flux in this region of the pore. Introduction of a positive charge at one pore-lining position can reduce conductance substantially and in the case of Cx50, modification of F43 to a positive charge reduced conductance by *70 %. These electrostatic effects are consistent with a pore that is biased with negative charge, giving rise to a preferential flux of cations. Indeed, Cx46 and Cx50 have been shown to prefer cations over anions (Srinivas et al. 1999; Trexler et al. 1996 Trexler et al. , 2000 . Modification of F43 with larger reagents, MTS biotin and MTS biotin-X produced even larger reductions in unitary conductance consistent with steric impedance to ion flux. The reductions were accompanied by large, noisy fluctuations, not resolvable by the patch clamp amplifiers that likely represent atomic motions of the biotin moieties. Perhaps surprising was that these large reagents produced 5 or 6 step-reductions in current consistent with modification of most or all six subunits. This result indicates that the F43 position, which is within the pore funnel identified by the Cx26 structure, allows sequential access of six MTS biotin-X molecules leading to six modified side chains. Thus, the pore must be quite wide and/or show enough flexibility to accommodate six large side chains. It will be interesting to determine whether other positions accommodate less molecules or show different degrees of noise, perhaps indicative of narrowed diameter and/or increased rigidity.
A potential link between selectivity and gating comes from the positioning of Cx voltage sensors within the pore. This arrangement comes from studies demonstrating sensitivity of GJ channels to V j , irrespective of the absolute membrane potentials of the coupled cells Spray et al. 1981 ). This arrangement applies to both intrinsic voltage gating mechanisms, loop or slow gating and V j or fast gating (Bukauskas and Verselis 2004) . In the absence of docking, the same sensors now respond to the membrane potential as the reference potential of the coupled cell is replaced by the extracellular milieu.
Knowing more about the pore structure, we examined chimeras that exchanged domains between Cx46 and Cx50, which exhibit substantially different loop gating characteristics and unitary conductances (Srinivas et al. 2005) despite close sequence homology. Reciprocally substituting just the NT domain had a huge impact on unitary conductance and rather than resulting in intermediate conductances, the Cx50*46NT and Cx46*50NT chimeras produced somewhat smaller and larger unitary conductances, respectively than the corresponding donor Cxs. Effects on loop gating were widely disparate, with minimal changes occurring when substituting NT of Cx46 on Cx50 (Cx50*46NT), but loss of the characteristically strong closure of the loop gate of Cx46 when substituting NT of Cx50 onto Cx46 (Cx46*50NT). Inclusion of more domains of Cx46 onto Cx50, *46NT-E1 and *46NT-TM2, remarkably converted the weak loop gating of Cx50 into one that resembled Cx46, except that closure was even more robust and displayed faster kinetics. Surprisingly, reciprocal chimeras were not functional. However, consistent with SCAM studies, the unitary hemichannel properties acquired all of the characteristics of the donor Cxs when the NT half (NT through CL) was substituted. Likewise, gating characteristics were also transferred. These data are consistent with mutational studies on chick homologs of Cx46 and Cx50 (Tong and Ebihara 2006; Tong et al. 2004) as well as chimeric studies that exchanged domains between Cx32 and Cx37 (Hu et al. 2006 ). Cx43 differs in that truncation of CT or tagging it with EGFP results in loss of V j gating (Bukauskas et al. 2001; Moreno et al. 2002) . NMR studies have shown that CT interacts with CL (Duffy et al. 2002) , which may, in turn, interact with NT thereby affecting V j gating. This property may be unique to Cx43 as tagging or truncating CT in other Cxs does not appear to affect gating.
Taken together, these data suggest that gating and conductance co-segregate, but that the relationship is, not surprisingly, complex. The disparate effects on loop gating upon substitution of NT alone indicate that there is likely an intimate association of NT with other parts of protein, which in the case of Cx46 and Cx50 appears to occur within TM1 through E1. This observation is in support of the crystal structure that suggests there are interactions between NT and TM1 that keep the NT domain up against the channel wall, thereby keeping the pore unobstructed. It remains to be determined whether this specific interaction mediates gating. The lack of function for chimeras that substitute NT-E1 and NT-TM2 sequence of Cx50 onto Cx46 suggest that the putative interactions between NT and TM1 are very sensitive to structural perturbations, and may require inclusion of NT through CL. Although TM3, E2, TM4 and CT sequences may not contain the core elements that determine differences in conductance and gating properties among Cxs, helix packing can undoubtedly be disrupted with substitutions in these regions resulting in effects on channel properties. However, these will often lead to loss of function or effects that are not consistent among members of the Cx family.
In conclusion, biophysical and structural studies are converging towards a view that the Cx pore is principally formed by NT, TM1 and E1 domains and that this structure is conserved among all members of the Cx family. An additional contribution to the pore suggested by the crystal structure includes a region of positive charge in the CL region (now assigned as an extension of the TM2 helix) that resides at the cytoplasmic entrance. These charges are incompatible with the selectivity characteristics of Cx26 and an equilibrated structure of Cx26 resulting from molecular dynamics simulations suggest that neutralization of these charges is required to produce cation flux through the channel (Kwon et al. 2011 ). Moving forward, there is now a framework within which to continue testing and refining models of gating and permeability as functional studies test structural motifs and identified interactions. Agreement between structure and function will come by continued biophysical studies concomitant with higher resolution structures crystallized in various states.
